Key MessagesFathers' smoking before the age of 15 was associated with an increased risk of asthma without nasal allergies in their offspring, suggesting an effect of paternal pre-adolescent environment on the next generation.Grandmothers' smoking during pregnancy was associated with an increased risk of asthma with nasal allergies in their grandchildren within the maternal line, suggesting a multi-generation effect of tobacco smoking.A multi-generation perspective is needed to better understand major public health challenges, such as smoking and asthma, and to assess the value and feasibility of preventive interventions.

Introduction
============

Considerable resources are invested in smoking prevention, with substantial health benefits. Pregnant women are a target of such interventions, as consistent evidence has demonstrated the negative impact of prenatal exposures on offspring's health. In particular, it is widely accepted that mothers' smoking during pregnancy increases the risk of asthma and asthma-like symptoms in their offspring.[@dyy031-B1] Indeed, nicotine exposure during the pre- and perinatal periods appears to permanently affect the development of the lungs, with adverse effects on their final structure and function.[@dyy031-B5] These changes may increase the risk of asthma later in life and accelerate lung function decline with ageing.[@dyy031-B5]

The enhanced understanding of the heritable effects of tobacco smoking through transmissible epigenetic phenomena opens a new paradigm,[@dyy031-B9]^,^[@dyy031-B10] providing a biological basis for preventive interventions during pregnancy and even in young males. Animal studies support multi-generation effects of nicotine exposure during gestation and lactation on the lungs,[@dyy031-B11] but evidence in humans is scarce and controversial. There are reports that the risk of asthma increases for a child if the maternal grandmother had smoked when pregnant with the child's mother, even if the child was not exposed to the mother's smoking *in utero*.[@dyy031-B2]^,^[@dyy031-B12]^,^[@dyy031-B13] However, grandmothers' smoking was not associated with their grandchildren's respiratory outcomes through the maternal line in another population survey.[@dyy031-B14] Tobacco smoking may have heritable effects also within the paternal line, as fathers' smoking during adolescence may cause epigenetic changes in sperm precursor cells that can be transmitted to later generations.[@dyy031-B15] Supporting evidence to the effect of fathers' smoking during puberty on offspring's health has been provided by the Respiratory Health in Northern Europe (RHINE) III study.[@dyy031-B16]

The present study aims at investigating the pattern of associations between tobacco smoking and asthma across three generations \[grandparents (F0), parents (F1), offspring (F2)\], during different developmental stages within those generations (grandmothers/mothers' pregnancies, fathers' puberty). To fulfil this objective, we used data from the European Community Respiratory Health Survey (ECRHS).[@dyy031-B17]

Methods
=======

Study population
----------------

The ECRHS is an international, population-based, cohort study on respiratory health in subjects aged 20--44 at the time of recruitment (ECRHS I; 1991--93).[@dyy031-B17] At baseline, each participant was sent a brief screening questionnaire (stage 1) and, from those who responded, a 20% random sample was invited to undergo a more detailed clinical examination (stage 2). Follow-up of the participants in stage 2 took place in 1998--2002 (ECRHS II)[@dyy031-B18] and 2010--13 (ECRHS III).[@dyy031-B19] The participants underwent a standardized clinical interview, lung function tests and laboratory testing on all occasions. An additional sample of adults with asthma-like symptoms recruited at baseline was not included in the present analyses. Ethical approval was obtained for each centre from the appropriate ethics committee and written consent was obtained from each participant.

The 4449 subjects (from 26 centres in Europe and Australia; [Supplementary Table 1](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online) who had participated in both the ECRHS I and the ECRHS III, and who had reported at least one offspring at the ECRHS III clinical interview, were eligible for the present analyses ([Figure 1](#dyy031-F1){ref-type="fig"}). Among these individuals, 2233 mothers and 1964 fathers provided complete information on gender, birth year, asthma and nasal allergies (including hay fever) of their 4666 and 4192 offspring, respectively, as well as information on their parents' (grandparents) and their own asthma and smoking history.

![Study population of parents and offspring, according to the parental line. \*Six mothers were excluded because their age at their child's birth was \<13 years. ^†^Complete information on offspring's gender, birth year, asthma and nasal allergies (including hay fever).](dyy031f1){#dyy031-F1}

Definitions
-----------

Offspring's asthma was classified as: 'ever asthma with nasal allergies'; 'ever asthma without nasal allergies'; or 'never asthma'. Grandparental and parental ever asthma ('present' vs 'absent') was reported by parents at baseline or at the ECRHS II and III (5.6% of grandparents and 8.7% of parents).

The parents provided detailed information on their own smoking history (including when they had started and quitted smoking) at each clinical interview. Mothers' smoking was classified according to the birth year of each offspring: 'smoking when the offspring was *in utero*' (mothers smoked during their child's birth year and/or during the previous year; these mothers also smoked during other periods); 'smoking during other periods' \[mothers stopped smoking at least 2 years prior to their child\'s birth year (at least 3 months before conception) and/or started or restarted smoking after their child\'s birth year\]; or 'not smoking'. Fathers' smoking was classified as: 'smoking initiation before 15 years of age' (before the mean age of completed puberty in boys);[@dyy031-B20] 'smoking initiation at 15 years of age or older'; or 'not smoking'. At ECRHS I, the parents provided information on their mother's smoking during the period around their birth. Consequently, grandmothers' smoking was categorized as: 'smoking when the parent was *in utero*'; 'smoking during other periods (or unknown smoking period)'; or 'not smoking*'.*

Grandparents' education level was parent-reported and considered low if both grandparents had only studied up to the minimum school-leaving age. Mothers' and fathers' education levels were self-reported and considered low if less than or equal to the minimum school-leaving age in their country before the start of the ECRHS.[@dyy031-B21] An 'unknown*'* category was used when no information on education was available.

Statistical analyses
--------------------

Mediation models[@dyy031-B22] within a hierarchical framework were used to investigate the multi-generation pattern of associations between tobacco smoking and asthma within the maternal and paternal lines. Our data have a hierarchical structure (see the [Supplementary Appendix](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online) because we evaluated multiple offspring (level 1 units) from the same parent (i.e. the participants in the ECRHS III; level 2 units) and because many parents had been sampled from each of the different centres (level 3 units).

The following variables were included in the mediation models (the paths investigated in the analyses are represented in [Figures 2](#dyy031-F2){ref-type="fig"} and [3](#dyy031-F3){ref-type="fig"}):

![Two-level mediation model within the maternal line. The two ellipses represent: (i) the level 2 unit (mother; the presence of arrows indicates the random intercept terms at level 2); and (ii) the cluster variable (centre; the absence of arrows indicates that cluster-robust standard errors were computed in order to take the correlation among mothers within centres into account). \*The '*unknown*' category is not shown. ^†^Smoking during other periods (or unknown smoking period).](dyy031f2){#dyy031-F2}

![Two-level mediation model within the paternal line. The two ellipses represent: (i) the level 2 unit (father; the presence of arrows indicates the random intercept terms at level 2); and (ii) the cluster variable (centre; the absence of arrows indicates that cluster-robust standard errors were computed in order to take the correlation among fathers within centres into account). \*The '*unknown*' category is not shown. ^†^Smoking during other periods (or unknown smoking period).](dyy031f3){#dyy031-F3}

-   offspring's ever asthma with or without nasal allergies as the multinomial-distributed outcome;

-   maternal/paternal ever asthma as the Bernoulli-distributed mediator;

-   grandmother's and grandfather's ever asthma, grandmother's smoking, grandparents' education level and maternal/paternal age as the potential predictors of the mediator;

-   grandmother's smoking, maternal/paternal smoking and education level and offspring's gender and age as the potential predictors of the outcome.

Both mediation models had a complex two-level structure in which the predictors of the mediator and the mediator were measured at level 2 (parent), whereas the outcome was measured at level 1 (offspring). This type of mediation model has been labelled *'2→2→1*' in the literature.[@dyy031-B23] Random intercept terms at level 2 were included in the models. Cluster-robust standard errors were computed in order to take the correlation among parents within each of the different centres (cluster variable) into account.

Due to the complex mediation pattern (see the [Supplementary Appendix](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at IJE online), only controlled direct effects[@dyy031-B24] (i.e. the effects of exposures on the outcome that would be observed if the mediator were controlled uniformly at a fixed value) were calculated. In particular, the direct effects on the Bernoulli-distributed mediators and the direct effects on the multinomial-distributed outcome were summarized as odds ratios (ORs) and relative risk ratios (RRRs), respectively. The interactions of the offspring's gender with maternal/paternal smoking and asthma were evaluated by testing the significance of the extra parameters in the models. The statistical analyses were carried out using STATA 14.2 (StataCorp, College Station, TX) and Mplus 8 (Muthén & Muthén, Los Angeles, CA).

Sensitivity analyses
--------------------

Sensitivity analyses (see the [Supplementary Appendix](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at IJE online) were performed in order to check whether: the covariates included in the models represent the 'minimal sufficient adjustment set' (i.e. the group of measured covariates that needs to be included in order to eliminate confounding) through a directed acyclic graph (DAG; [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at IJE online),[@dyy031-B25] using DAGitty (<http://dagitty.net>);the inclusion of one unmeasured confounder in the models[@dyy031-B26] changes the estimate of the direct effects of grandmothers' smoking on offspring's asthma, using the Umediation package \[<https://github.com/SharonLutz/Umediation>\] in R3.4.1.

Results
=======

Main characteristics of the subjects
------------------------------------

The 2233 mothers and 1964 fathers included in the present analyses were of similar age, and their parents had similar education levels ([Table 1](#dyy031-T1){ref-type="table"}). Mothers, compared with fathers, were more likely to have ever had asthma (18.3 vs 12.7%), to report that their mothers (11.0 vs 7.6%) and fathers (9.2 vs 7.4%) had ever had asthma, and to report that their mothers had smoked during their pregnancy (10.5 vs 6.7%). Table 1.Main characteristics of the parents and grandparents, according to the parental lineMaternal linePaternal line*N* parents*n* = 2233*n* = 1964*P*-value[^a^](#tblfn1){ref-type="table-fn"}Grandmother's ever asthma, %11.07.6\<0.001Grandfather's ever asthma, %9.27.40.04Grandparents' education level, %0.56 low45.747.0 high52.151.1 unknown2.21.9Grandmother's smoking, %\<0.001 when the parent was *in utero*10.56.7 during other periods (or unknown smoking period)13.515.3 not smoking76.078.0Parent's ages (years), median (range)55 (40--67)55 (40--67)0.08Parent's ever asthma, %18.312.7\<0.001Parent's education level, %0.35 low14.112.6 high82.283.4 unknown3.84.0Father's smoking initiation, %-- \<15 years of age--12.2 ≥15 years of age--51.3 not smoking--36.6[^2]

Half of the parents had two offspring, and 24.0% of the mothers and 22.5% of the fathers had only one child ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online). The 4666 offspring in the maternal line (females: 50.3%; age range: 1--51 years) were more likely to have ever had asthma with or without nasal allergies (6.8 vs 6.0% and 8.2 vs 4.8%, respectively) than the 4192 offspring in the paternal line (females: 49.1%; age range: 0--48 years; [Table 2](#dyy031-T2){ref-type="table"}). Of all the offspring, 12.5% were born to the 239 fathers (12.2%; [Table 1](#dyy031-T1){ref-type="table"}) who had started smoking before they were 15, and 29.2% had been exposed to their mother's smoking during pregnancy ([Table 2](#dyy031-T2){ref-type="table"}). Table 2.Main characteristics of the offspring, according to the parental lineMaternal linePaternal line*N* offspring*n* = 4666*n* = 4192*P*-valueOffspring's gender (female), %50.349.1-- [^a^](#tblfn2){ref-type="table-fn"}Offspring's age (years), median (range)26 (1--51)24 (0--48)-- [^a^](#tblfn2){ref-type="table-fn"}Offspring's ever asthma, %\<0.001[^b^](#tblfn3){ref-type="table-fn"} with nasal allergies6.86.0 without nasal allergies8.24.8 never asthma85.089.2Mother's smoking, %-- when the offspring was *in utero*29.2-- during other periods26.2-- not smoking44.6--[^3][^4]

Recurrence of asthma across three generations
---------------------------------------------

The risk of mothers' asthma (generation F1) was higher if their parents (generation F0) had ever had asthma (grandmothers' asthma: OR = 2.24; grandfathers' asthma: OR = 2.60; [Table 3](#dyy031-T3){ref-type="table"}). The risk of asthma with or without nasal allergies in offspring (generation F2) was higher if the offspring's mother had ever had asthma (RRR = 2.50 and 1.69, respectively). Similar results were found within the paternal line ([Table 4](#dyy031-T4){ref-type="table"}). Whether the offspring was a boy or a girl did not modify the association of parents' asthma with the offspring's asthma (tests for interaction: *P*-value \>0.9). These estimates did not change when grandparental/parental smoking and education levels were excluded from the models ([Supplementary Tables 3 and 4](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online). Table 3.Controlled direct effects[@dyy031-B24] within the maternal lineF1F2Mother's ever asthmaOffspring\'s ever asthma with nasal allergiesOffspring\'s ever asthma without nasal allergiesGenerationOR (95% CI)RRR (95% CI)RRR (95% CI)F0Grandmother's ever asthma (present vs absent)2.24 (1.58--3.17)----Grandfather's ever asthma (present vs absent)2.60 (1.98--3.42)----Grandparents' education level^a^ (low vs high)0.71 (0.58--0.87)----Grandmother's smoking (vs not smoking) when the mother was *in utero*1.55 (1.17--2.06)1.25 (1.02--1.55)1.31 (0.86--1.98) during other periods (or unknown smoking period)1.12 (0.83--1.52)1.20 (0.88--1.63)1.12 (0.85--1.48)F1Mother's age (1-year increase)1.00 (0.99--1.02)----Mother's ever asthma (present vs absent)--2.50 (1.95--3.22)1.69 (1.25--2.28)Mother's education level^a^ (low vs high)--1.31 (0.93--1.83)1.79 (1.26--2.55)Mother's smoking (vs not smoking) when the offspring was *in utero*--1.06 (0.76--1.49)1.27 (1.01--1.59) during other periods--0.87 (0.61--1.24)0.96 (0.71--1.28)F2Offspring's gender (female vs male)--0.80 (0.66--0.97)0.89 (0.71--1.12)Offspring's age (1-year increase)--0.98 (0.97--1.00)0.96 (0.95--0.98)[^5][^6]Table 4.Controlled direct effects[@dyy031-B24] within the paternal lineF1F2Father's ever asthmaOffspring\'s ever asthma with nasal allergiesOffspring\'s ever asthma without nasal allergiesGenerationOR (95% CI)RRR (95% CI)RRR (95% CI)F0Grandmother's ever asthma (present vs absent)3.08 (1.96--4.85)----Grandfather's ever asthma (present vs absent)2.38 (1.51--3.75)----Grandparents' education level^a^ (low vs high)0.96 (0.71--1.30)----Grandmother's smoking (vs not smoking) when the father was *in utero*0.82 (0.47--1.44)1.60 (0.95--2.68)1.08 (0.55--2.13) during other periods (or unknown smoking period)1.02 (0.62--1.67)1.24 (0.81--1.91)1.35 (0.87--2.09)F1Father's age (1-year increase)0.99 (0.96--1.02)----Father's ever asthma (present vs absent)--2.37 (1.63--3.43)1.70 (1.14--2.53)Father's education level^a^ (low vs high)--0.47 (0.27--0.83)0.87 (0.49--1.53)Father's smoking initiation (vs not smoking) \<15 years of age--1.19 (0.74--1.90)1.43 (1.01--2.01) ≥15 years of age--0.98 (0.71--1.36)0.88 (0.70--1.11)F2Offspring's gender (female vs male)--0.71 (0.59--0.84)0.83 (0.70--0.98)Offspring's age (1-year increase)--1.00 (0.98--1.02)0.96 (0.94--0.99)[^7]

Associations of tobacco smoking with asthma across three generations
--------------------------------------------------------------------

Grandmothers' smoking when mothers were *in utero* (generation F0) was significantly associated with maternal asthma (generation F1; OR = 1.55; [Table 3](#dyy031-T3){ref-type="table"}). In turn, mothers' smoking when the offspring was *in utero* (generation F1) was significantly associated with asthma without nasal allergies in their offspring (generation F2; RRR = 1.27). Within the paternal line, we did not find any association between grandmothers' smoking during pregnancy and fathers' asthma ([Table 4](#dyy031-T4){ref-type="table"}). However, if fathers had started smoking before they were 15, the risk of asthma without nasal allergies in their offspring was higher (RRR = 1.43). The associations of parental smoking with asthma without nasal allergies in their offspring were not significantly different whether the offspring was a boy or a girl (tests for interaction: *P*-value \>0.2).

Grandmothers' smoking when mothers were *in utero* (generation F0) was positively associated with asthma with nasal allergies in their grandchildren (generation F2; RRR = 1.25; [Table 3](#dyy031-T3){ref-type="table"}). This association did not reach statistical significance when fathers were *in utero*.

Sensitivity analyses
--------------------

The DAG analysis supported the assumption that the measured covariates included in the models represent the 'minimal sufficient adjustment set' (see the [Supplementary Appendix](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online). In addition, the simulation analyses showed that the inclusion of one unmeasured confounder in the models had a limited impact on the estimate of the direct effects of grandmothers' smoking on offspring's asthma ([Supplementary Figure 2](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online).

Discussion
==========

We have shown that fathers' smoking during early puberty is associated with a higher risk of asthma without nasal allergies in their offspring, suggesting an effect of paternal pre-adolescent environment on the next generation. We have also shown that grandmothers' smoking when mothers were *in utero* is a possible risk factor for asthma with nasal allergies in their grandchildren, suggesting a multi-generation effect of tobacco smoking. Finally, we have confirmed the higher risk of asthma in the offspring of mothers who smoked during their pregnancy and the recurrence of asthma across generations. Our findings have considerable public health implications with regard to the environment of male adolescents and to forecast the health of future generations.

Recurrence of asthma across three generations
---------------------------------------------

We have found that asthma susceptibility recurred from grandparents to grandchildren, irrespective of the parent/offspring's gender. These results support the well-established evidence that the offspring of asthmatic parents are at a higher risk of asthma.[@dyy031-B28] Although some case-control and cross-sectional surveys on asthma recurrence have shown that this was more marked for mothers,[@dyy031-B29] a longitudinal study has found a comparable risk in the parental lines,[@dyy031-B30] in agreement with our findings.

The association of mothers' asthma with their offspring's asthma can be explained through a combination of genetic and non-genetic factors *in utero* (e.g. genetic imprinting, the trans-placental passage of Th2 cytokines and immunological cells[@dyy031-B31]), maternally dependent postnatal exposures such as breastfeeding,[@dyy031-B32] and hormonal factors.[@dyy031-B33] Asthma phenotypes, which mainly depend on the effect of paternal asthma, are likely mediated either by hormonal mechanisms or through imprinting.[@dyy031-B33]

Associations of tobacco smoking with asthma across three generations
--------------------------------------------------------------------

Tobacco smoking has adverse effects on human fertility, reproduction, and early development.[@dyy031-B34]^,^[@dyy031-B35] The most consistent association with offspring's asthma has been found for maternal smoking during pregnancy,[@dyy031-B1] which may permanently affect the lungs.[@dyy031-B5] Animal studies have shown that nicotine can penetrate the placental barriers and disturb alveolar development,[@dyy031-B36] expression of nicotinic receptors,[@dyy031-B37] and lung function.[@dyy031-B38] In agreement with this knowledge, we have found that grandmothers' smoking during pregnancy was associated with asthma in their sons and daughters and, in turn, maternal smoking during pregnancy was associated with asthma in their offspring, irrespective of the offspring's gender.

A key finding is the association of grandmothers' smoking when the mother was *in utero* with asthma with nasal allergies in their grandchildren, irrespective of maternal asthma and smoking status during pregnancy. This is consistent with previous studies on humans.[@dyy031-B2]^,^[@dyy031-B12]^,^[@dyy031-B13] Epigenetic changes may be a potential explanation for this association (see the [Supplementary Appendix](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online).[@dyy031-B39]^,^[@dyy031-B40] In fact, tobacco smoking may cause heritable modifications of the epigenome, particularly in the prenatal period and shortly after birth.[@dyy031-B41] Animal data have shown that these epigenetic changes may be inherited by second-generation offspring, and affect lung function.[@dyy031-B42] One study on humans has highlighted a link between prenatal smoke exposure, DNA methylation changes and asthma-related lung function.[@dyy031-B43] An alternative explanation is that the association between grandmothers' smoking and grandchildren's asthma might be due to confounding effects of other lifestyle and environmental factors. However, we controlled for education level, which may act as a proxy for some of these factors. The results pertaining to the education levels of parents/grandparents are discussed in the [Supplementary Appendix](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online.

A ground-breaking finding of our study is that paternal smoking before 15 years of age was associated with asthma without nasal allergies in their offspring, irrespective of gender. This is of particular concern, as smoking in 11-15-year-old boys has increased in Europe over recent decades (Alessandro Marcon, data presented at the European Respiratory Society International Congress 2016). At present, public health strategies do not focus on the environment of male adolescents with regard to the health of their future offspring, and to do so would represent a paradigm shift in preventive policies. Our results are consistent with findings from the RHINE study,[@dyy031-B16] a questionnaire-based postal follow-up of the ECRHS subjects from the seven Nordic centres listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online. A minority of the parents evaluated in RHINE (11.5%) also underwent clinical examinations as part of the ECRHS and are included in this report. The present work is based on clinical interview data from these Nordic centres and 19 additional centres (located in other parts of Europe and Australia). One report from the Avon Longitudinal Study of Parents and Children (ALSPAC), showing that body fat increases in the sons of fathers who had started smoking in early puberty, also supports the hypothesis that paternal lifestyle and exposures well before conception may influence the health of their offspring.[@dyy031-B44] The heritable effect of smoking in young males seems biologically plausible. Male adolescence represents a critical period for the germ line development[@dyy031-B15] and for the susceptibility to tobacco-related DNA damage. Reproductive cells in male adolescents are characterized by an increased number of cell divisions, and they have a 6-fold higher risk of DNA mutations than female oocytes.[@dyy031-B45] Smokers have altered spermatozoal mRNA profiles compared with non-smokers.[@dyy031-B46] Tobacco smoking could also induce changes in the miRNA profiles of spermatozoa, leading to harmful phenotypes that are hypothesized to be transmitted to future generations through the male germ line.[@dyy031-B47] Altered miRNA is involved in perturbation of cell death and apoptosis pathways.[@dyy031-B47] Spermatozoal miRNA could be transferred to the oocyte at fertilization[@dyy031-B48] and target epigenetic compounds, which are important in DNA methylation and histone modification, and it could mediate gene expression during embryogenesis and alter phenotypes in future progeny.

Curiously, in our study, grandmothers' smoking during pregnancy was associated with asthma with nasal allergies in their grandchildren, whereas maternal smoking during pregnancy and paternal smoking during puberty were associated with asthma without nasal allergies in their offspring. We speculate that parental smoking may have a detrimental effect on lung growth and function during fetal development, whereas grandmothers' smoking could give rise to epigenome changes that alter the expression of inflammatory genes or regulate immune development.

Strengths and weaknesses
------------------------

The information in the present study was available from three generations of subjects. The parents were selected from the general population in different countries and they were interviewed in clinical settings following a highly standardized protocol. Moreover, the analyses were carried out using appropriate statistical methods for evaluating the complex pattern of associations among variables in different generations.

There are very few epidemiological studies with detailed information on respiratory health across generations and, in the ECRHS centres involved in the Ageing Lungs in European Cohorts (ALEC) study \[[www.alecstudy.org](http://www.alecstudy.org)\], this work is being extended to include health assessment of children and registry-based collection of grandparents' health status. However, the ECRHS is not a family-based study. It recruited a representative sample of men (fathers) and women (mothers), but their partners (co-parent of the offspring) did not participate in the study. Moreover, the information regarding grandparents and offspring was parent-reported, rather than directly assessed. This could have generated an information bias across generations and between the parental lines (see the [Supplementary Appendix](#sup1){ref-type="supplementary-material"}, available as [Supplementary data](#sup1){ref-type="supplementary-material"} at *IJE* online).

It is also possible that important confounders \[e.g. parental socioeconomic status (SES) and offspring's smoking history\] were not included in the models. However, as we believe that an early start of smoking is one of the major SES-related exposures responsible for the influence of SES on health, we might expect that adjusting for this would attenuate our smoking-related associations. Moreover, in our simulations, unmeasured confounding had a limited impact on the estimated associations of grandmothers' smoking with offspring's asthma.

Finally, we investigated the associations of grand-maternal/parental smoking with offspring's atopic/non-atopic asthma, rather than conditioning on offspring's nasal allergies. Indeed, the inclusion of offspring's asthma as the outcome and offspring's nasal allergies as a mediator in the models would induce spurious exposure-outcome associations (collider bias), if we assume:[@dyy031-B49] (i) an effect of grand-maternal/parental smoking on offspring's nasal allergies; (ii) the possibility of unmeasured confounders associated with offspring's asthma and nasal allergies (but not with grand-maternal/parental smoking); and (iii) a probable link between nasal allergies and asthma in offspring.

Conclusions
===========

The present analyses suggest that smoking during pregnancy and male puberty may increase the risk of asthma in the next generation, and that the effect of smoking during pregnancy may continue into a further generation within the maternal line. Our results provide further evidence on asthma recurrence across multiple generations. Therefore, risk factors for asthma should be sought before conception, in men and in women, to improve the health of future generations.
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[^3]: Not computed because of the hierarchical data structure (offspring nested within parents).

[^4]: Obtained by using the likelihood ratio test for the comparison of the goodness-of-fit of the following nested models: (i) two-level multinomial regression model (parent = level 2 unit) with the offspring's ever asthma as the outcome and the parental line as the covariate; and (ii) the previous model with no covariates.

[^5]: Comparison of the goodness-of-fit between the present mediation model and the cluster-robust (centre = cluster variable) two-level (mother = level 2 unit) multinomial regression model (outcome: offspring's ever asthma with or without nasal allergies; covariates: grandmother's smoking, mother's ever asthma, education level and smoking, offspring's gender and age): *P*-value (Satorra-Bentler scaled chi-square test for nested models[@dyy031-B27] with 8 degrees of freedom) \<0.0001.

[^6]: ^a^The estimates for the *'unknown*' category are not shown.

[^7]: Comparison of the goodness-of-fit between the present mediation model and the cluster-robust (centre = cluster variable) two-level (father = level 2 unit) multinomial regression model (outcome: offspring's ever asthma with or without nasal allergies; covariates: grandmother's smoking, father's ever asthma, education level and smoking initiation, offspring's gender and age): *P*-value (Satorra-Bentler scaled chi-square test for nested models[@dyy031-B27] with 8 degrees of freedom) \<0.0001.  ^a^The estimates for the 'unknown' category are not shown.
